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Abstract. Global total ozone measurements from various
satellite instruments such as SBUV, TOMS, and GOME
show an increase in zonal mean total ozone at northern hemi-
spheric (NH) mid to high latitudes since the mid-nineties.
This increase could be expected from the peaking and start
of decline in the effective stratospheric halogen loading, but
the rather rapid increase observed in NH zonal mean total
ozone suggests that another physical mechanism such as win-
ter planetary wave activity has increased which has led to
higher stratospheric Arctic temperatures. This has enhanced
ozone transport into higher latitudes in recent years as part
of the residual circulation and at the same time reduced the
frequency of cold Arctic winters with enhanced polar ozone
loss. Results from various multi-variate linear regression
analyses using SBUV V8 total ozone with explanatory vari-
ables such as a linear trend or, alternatively, EESC (equiv-
alent effective stratospheric chlorine) and on the other hand
planetary wave driving (eddy heat flux) or, alternatively, po-
lar ozone loss (PSC volume) in addition to proxies for strato-
spheric aerosol loading, QBO, and solar cycle, all considered
to be main drivers for ozone variability, are presented. It is
shown that the main contribution to the recent increase in NH
total ozone is from the combined effect of rising tropospheric
driven planetary wave activity associated with reduced polar
ozone loss at high latitudes as well as increasing solar ac-
tivity. This conclusion can be drawn regardless of the use
of linear trend or EESC terms in our statistical model. It is
also clear that more years of data will be needed to further
improve our estimates of the relative contributions of the in-
dividual processes to decadal ozone variability. The question
remains if the observed increase in planetary wave driving is
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part of natural decadal atmospheric variability or will persist.
If the latter is the case, it could be interpreted as a possible
signature of climate change.
1 Introduction
Long-term ozone observations at mid to high latitudes span-
ning several decades display both steady decline and high
inter-annual and intra-annual variability. Figure 1 shows the
monthly total ozone anomaly time series in the 50◦ N–60◦ N
latitude band for different satellite data sets from 1979 to
2003: SBUV V8, merged TOMS/SBUV V8, and GOME
WFDOAS V1 (1995–2003). Also shown in the figure are the
annual mean total ozone for all data sets. It is evident that an
increase in total ozone is observed in all data sets since about
the mid-nineties following a steady decline during the eight-
ies and early nineties (WMO, 1999). The effect of the Mount
Pinatubo eruption in 1991 resulted in extremely low spring
values for few years until 1994. The mid-nineties were also
characterized by occurrences of several cold Arctic strato-
spheric winters with enhanced polar ozone losses (Pawson
and Naujokat, 1999; WMO, 2003). After this period a steady
rise in NH total ozone is observed. As an effect of higher to-
tal ozone in the late nineties, the long-term linear downward
trend in ozone was reduced as compared to earlier studies
(WMO, 2003). This paper tries to address the issue which
physical and/or chemical processes may have contributed to
the recent increase.
The main contributions to decadal ozone variability are
changes in solar flux, ozone depleting substances, and ozone
transport. In order to study long-term changes in ozone, it is
necessary to separate the influence of various dynamical and
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Fig. 1. Monthly mean zonal mean total ozone anomaly for 50◦ N–
60◦ N from different satellite data sets between 1979 and 2003
(Top). Annual mean total ozone is diplayed in the bottom panel.
All satellite data show the increase in northern hemispheric total
ozone at higher latitudes since 1995. Data from TOMS/SBUV V8
merged data set (orange), SBUV 8 (black), and GOME WFDOAS
(blue) are shwon.
chemical processes as well as processes that act on short-
and long-term time scales such as the quasi-biennial oscil-
lation (QBO), El Nin˜o/Southern Oscillation (ENSO or SOI)
(SPARC, 1998; WMO, 2003), volcanic eruptions, heteroge-
neous chemical losses on the surface of polar stratospheric
clouds (PSC), gas phase chemical losses, and tropospheric
driven planetary wave activity which controls ozone trans-
port into high latitudes as part of the wave driven residual
circulation (Fusco and Salby, 1999).
In the following the relevant processes that are known to
contribute to ozone variability are briefly summarized.
1.1 Residual circulation and planetary wave driving
The zonally averaged transport circulation in the wintertime
stratosphere consists of a single mean meridional cell in
each hemisphere with a rising branch in the tropics, pole-
ward flow at mid-latitudes, and downward mass transport
at higher latitudes. This circulation is driven by momen-
tum deposited into the stratosphere by wave breaking (An-
drews et al., 1987). Planetary waves propagate from the tro-
posphere to the stratosphere, break at critical levels, and de-
celerate the mean zonal wind. Coriolis force and pressure
gradient are not in equilibrium anymore and poleward mo-
tion sets in. The mass transport from the equator to the pole
leads to adiabatic heating at high latitudes and drives strato-
spheric temperatures away from radiative equilibrium (New-
man et al., 2001). Diabatic cooling sets in and leads to sub-
sidence of air masses. This residual circulation tightly con-
trols the wintertime ozone buildup at high latitudes (Fusco
and Salby, 1999; Randel et al., 2002). It influences ozone in
several ways: a stronger residual circulation means that more
ozone is transported from its source region at the equator
to higher latitudes, that meridional mixing is stronger, more
ozone is transported downwards at high latitudes, where it
is photochemically more stable, stratospheric temperatures
rise, and less ozone is chemically depleted via heterogeneous
reactions (Weber et al., 2003). The ability of waves to prop-
agate vertically is dependent on the zonal mean flow and,
therefore, wave activity is strongest in the winter of the re-
spective hemisphere. The impact of the strength of the resid-
ual circulation of a given winter on the inter-annual ozone
variability remains detectable until next autumn (Fioletov
and Shepherd, 2003).
The magnitude of momentum transport from the tropo-
sphere into the stratosphere by planetary waves is presented
by the divergence of Eliassen-Palm (EP) flux. The eddy
heat flux v′T ′, which is directly proportional to the vertical
component of Eliassen-Palm (EP) flux vector and approxi-
mately proportional to the EP flux divergence, is found to
be a very attractive proxy for ozone transport. It determines
the magnitude of the wave activity (Fusco and Salby, 1999;
Newman et al., 2001; Weber et al., 2003). Other dynamical
proxies such as Arctic Oscillation (AO) or North Atlantic Os-
cillation (NAO) index, polar jet strength index, polar strato-
spheric cloud (PSC) volume, 50 hPa temperature are to some
degree correlated with each other and can be linked to plan-
etary wave activity (Randel and Cobb, 1994; Baldwin and
Dunkerton, 1999; Chipperfield and Jones, 1999; Fusco and
Salby, 1999; Randel et al., 2002; Salby and Callaghan, 2002;
Plumb and Semeniuk, 2003; Steinbrecht et al., 2003).
1.2 QBO
The quasi-biennial oscillation of the equatorial zonal winds
and temperatures has an obvious influence on the inter-
annual variability of the tropical and subtropical ozone col-
umn (Baldwin et al., 2001). It mainly induces a secondary
diabatic circulation which transports more or less ozone from
the altitudes of photochemical production to the altitudes
where ozone can be considered a conserved tracer (Reed,
1964). Typical amplitudes are 5–10 DU that are a con-
siderable part of the inter-annual variability in the tropics.
But the QBO has also been connected to ozone changes
in mid-latitudes and even polar latitudes (Bowman, 1989;
Lait et al., 1989; Chandra and Stolarski, 1991). The tropi-
cal signal is confined equatorward of about 15◦ and has no
seasonal dependence, while at higher latitudes the QBO re-
sponse to ozone has largest amplitudes in winter and spring
(Tung and Yang, 1994; Randel and Cobb, 1994; Baldwin
et al., 2001). Possible reasons for the QBO influence in mid-
latitudes could be the modulation of the wave propagation in
mid-latitudes, transport of equatorial anomalies to higher lat-
itudes or changes in meridional mixing. The modulation of
wave propagation is called the Holton-Tan effect (Holton and
Tan, 1980). The influence on total ozone depends on both
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phase and strength of the QBO (WMO, 2003; Steinbrecht
et al., 2003).
1.3 Stratospheric halogen loading
The impact of anthropogenically produced CFCs on ozone
depletion has been widely studied since the early 1970s
(Molina and Rowland, 1974; Stolarski and Cicerone, 1974;
WMO, 2003). International measures to curb these emis-
sions led to the introduction of the Montreal protocol (1987)
and subsequent amendments to reduce emissions of chlo-
rine and bromine containing species. The various halogen
compounds have different potentials to deplete stratospheric
ozone depending on their physical and chemical properties.
EESC (equivalent effective stratospheric chlorine) is a quan-
tity which is the sum of chlorine containing species multi-
plied by the number of Cl atoms contained in the compound
and weighted by their fractional stratospheric release rate.
It also accounts for the effect of bromine species (WMO,
2003). Like the stratospheric hydrogen chloride (Anderson
et al., 2000), that is a measure of the total amount of chlorine
in the upper stratosphere, the EESC has peaked in 1997 and
started a slow decline afterward as displayed in Fig. 2.
1.4 Heterogeneous chemistry
Large ozone depletion has been regularly observed at high
latitudes in late winter and early spring. It is caused by het-
erogenous chemistry on polar stratospheric clouds (PSCs)
that activate large amounts of chlorine that catalytically de-
stroy ozone inside the winter polar vortex (Solomon, 1999).
This phenomenon is regularly observed in the southern hemi-
sphere and is commonly known as the ozone hole (Farman
et al., 1985). In contrast, large inter-annual variability in po-
lar ozone loss is observed in the northern hemisphere. A high
correlation between PSC volume integrated over the winter
and the amount of polar vortex chemical ozone loss in the
Arctic has been found (Rex et al., 2004). Long-term trends
in polar ozone have also an impact on mid-latitude trends due
to airmass mixing after the polar vortex break-up (Knudsen
and Grooss, 2000; Fioletov and Shepherd, 2005).
1.5 Solar variability
Significant influences of solar variability on different mete-
orological quantities have been identified (Rind, 2002). The
solar activity-ozone relationship has been taken into consid-
eration in all international ozone trend assessments (WMO,
1999, 2003). The main support for this relationship are vari-
ations in the solar ultraviolet spectral irradiance that modify
ozone production rates in the upper stratosphere (Brasseur,
1993). The secondary effect may include sudden increases in
solar energetic particle precipitation causing short-term de-
creases in high altitude ozone concentration related to down-
ward transport of NOy from the mesosphere down to the
upper stratosphere (Jackman et al., 2000; Sinnhuber et al.,
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Fig. 2. Equivalent effective stratospheric chlorine loading (EESC)
in ppb (WMO, 2003). The straight lines show linear fits to the in-
clining phase up to December 1995 (slope of 0.9 ppb/decade) and
to the slow decline after January 1999 (slope of −0.3 ppb/decade),
respectively (dashed lines). A 9 DU/decade total ozone decrease
during the first phase would correspond to a 3 DU/decade increase
after 1999 if the ozone change is solely due and anti-correlated with
EESC.
2003). There is evidence that indirect effects from solar ac-
tivity influence lowermost stratospheric ozone via dynamical
coupling (Labitzke and van Loon, 1993; Kodera and Kuroda,
2002). Analysis of various ground based and satellite records
extending over 2–6 decades indicate the existence of decadal
scale variation of total ozone that correlates with the solar
cycle (Jackman et al., 1996; Miller et al., 1996; Hood et al.,
1997; Zerefos et al., 1997; Ziemke et al., 1997; McCormack
et al., 1997).
1.6 Stratospheric aerosols
Large enhancements in stratospheric aerosols were observed
after major volcanic eruptions like El Chicho´n in 1982 (Hof-
mann and Solomon, 1989) and Mt. Pinatubo in 1991 (Parrish
et al., 1998). Very low ozone values were observed follow-
ing the Pinatubo event (Randel et al., 1995; Solomon et al.,
1996) in the NH. A similar ozone deficit, however, was not
observed in the southern hemisphere. Solomon et al. (1996)
showed that major volcanic eruptions affect atmospheric dy-
namics and radiative forcing through scattering and absorp-
tion of solar radiation. They also showed that the occurrence
of two major volcanic eruptions nine years apart during de-
clining phases of solar cycles may lead to some confusion in
separating volcanic and solar influence on ozone.
1.7 El-Nin˜o/southern oscillation
ENSO is more or less a zonal phenomenon and normally
leads to lower stratospheric temperature and total ozone
anomalies that are opposite to the temperature anomalies in
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Fig. 3. Correlation of SBUV V8 total ozone anomaly in April with
September anomalies between 50◦ N and 60◦ N. High (low) ozone
anomalies in spring lead to (low) high ozone anomalies in late sum-
mer. This relationship is valid for all summer months (Fioletov and
Shepherd, 2003). Data in blue are anomalies obtained from GOME
data.
the troposphere (Gettelman et al., 2001; Steinbrecht et al.,
2003). The changes in ozone anomalies during strong El
Nin˜o and La Nin˜a events may introduce additional variance
and modify the ozone field (Shiotani, 1992; Zerefos et al.,
1997; Logan et al., 2003).
1.8 This work
This paper presents a statistical analysis of twenty five years
of total ozone data using various explanatory variables that
represent physical and chemical processes that are known to
modify the global ozone distribution as just briefly described
above. Such analyses have been regularly applied to deter-
mine long-term trends in ozone (WMO, 1999, 2003). The
major difference to other studies is that additional proxies
such as PSC volume and eddy heat flux terms representing
ozone chemistry and transport are added to better elucidate
on the contribution of individual processes. This allows us to
discuss the possible causes of the recently observed increase
in middle to high latitude ozone and to quantify the contri-
bution of the various processes to the inter-annual variability
observed in the total ozone record.
In Sect. 2 the total ozone data sets from SBUV,
SBUV/TOMS merged (both 1979–2003), and GOME
(1995–2003) are briefly described, followed by a presenta-
tion of proxies for planetary wave driving (Sect. 3) and PSC
volume (Sect. 4) that are used as explanatory variables stand-
ing for dynamical and chemical ozone processes. Other com-
monly used proxies, among them solar flux and QBO, are
briefly described in Sect. 5. After briefly summarizing in
Sect. 6 the regression model as applied to the SBUV total
ozone data, the results are discussed in detail in Sect. 7 with
major conclusions drawn in Sect. 8.
2 Satellite ozone data
Total column ozone data used in this study are SBUV V8 data
from Nimbus 7 (January 1979–December 1989), NOAA11
(January 1990–December 1993, July 1997–December 2000),
NOAA09 (January 1994–June 1997) and NOAA16 (Jan-
uary 2001–December 2003) (Barthia et al., 2004). The
SBUV/TOMS V8 merged data set were obtained from
Goddard Space Flight Center web site http://code916.gsfc.
nasa.gov/Data services/merged/mod data.public.html (Frith
et al., 2004). GOME total ozone data from 1995 to 2003
have been processed using the Weighting Function DOAS
approach (Coldewey-Egbers et al., 2005; Weber et al., 2005).
All data sets agree well with each other. From Fig. 1 it
appears that the SBUV/TOMS merged data set as well as
GOME show lower values than SBUV after about year 2000
and it is also lower during the earlier record. The positive
bias in the SBUV data record with respect to TOMS was
also found in the comparison with ground data (Labow et al.,
2004). A big advantage of the SBUV data set is that the var-
ious data sets from Nimbus to NOAA16 show small differ-
ences during periods of overlapping missions and, thus, are
well suited for long-term trend studies (Barthia et al., 2004;
Labow et al., 2004). The comparison between data sets high-
lights the critical issue of maintaining long-term time series
using multiple satellite data sets.
3 Proxy for planetary wave driving
We use the 100 hPa eddy heat flux averaged over mid-
latitudes as a proxy for ozone transport due to variation in
planetary wave driving. Monthly mean eddy heat fluxes at
100 hPa are calculated using ECMWF 40 year reanalysis data
(ERA-40) (Uppala et al., 2006) for the period of 1979–2001
and from operational data for the period 2002–2003 and have
been area weighted and averaged between 45◦ N–75◦ N.
Meridional ozone transport and mixing related to plane-
tary wave driving is mainly confined to winter and spring.
In late spring and summer total ozone changes are mainly
controlled by NOx and photo-chemistry (Bru¨hl et al., 1998).
The photochemical lifetime does not vary from year to year
(Randel et al., 2002), but initial conditions vary, e.g. win-
ter anomalies due to variation in the buildup of ozone are
still observed in late summer ozone anomalies (Fioletov and
Shepherd, 2003) as shown in Fig. 3. To account for this com-
bined dynamical effect of wintertime ozone buildup and per-
sistent ozone anomalies in spring and summer, the cumula-
tive eddy heat flux proxy for a given month of ozone obser-
vation is calculated by integrating the monthly eddy heat flux
from last fall (October) to that month. For example, the Oc-
tober cumulative eddy heat flux is simply the monthly mean
eddy heat flux from October, while for April, it is averaged
from preceding October until April, and for September from
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preceding October until September. The cumulative eddy
heat flux for a given month can be described as follows,
h∗(m) =
∫ m
m′=m0 h(m
′) dm′∫ m
m′=m0 dm
′ (1)
with m0 being the starting month (here October). Summer
eddy heat fluxes are fairly small so that the main contribution
to the cumulative eddy heat flux comes from the winter and
early spring months.
Using GOME total ozone data and UKMO eddy heat flux
data from the period 1996–2003, Weber et al. (2003) proved
that a compact relationship between winter integrated eddy
heat flux and the winter time ozone buildup exists. Fig-
ure 4 shows the ozone build-up for the 50◦ N–60◦ N lati-
tude band during the last 25 years of SBUV data. Winter
time ozone gain is calculated by subtracting the October to-
tal ozone value from the next year’s April total ozone and it
is correlated with the cumulative eddy heat flux from ERA-
40. For the period 1979–2003, correlation exceeds 0.56 and
is statistically significant. As an effect from the Pinatubo
eruption, ozone deviates from the regression line in winter
1992/93. For all late winter months (January to April) the
correlations are quite significant for middle to high latitudes.
Correlations are positive at high latitudes and are negative in
the tropics.
In tropics (<30◦ N) this cumulative effect from the plane-
tary wave driving is short-lived due to the photochemical pro-
duction of ozone. The approximate photochemical relaxation
time is somewhere between one and three months at 25 km
altitude in the tropics (see Fig. 2 in McLinden et al., 2000).
An average of the two previous months is taken for the cu-
mulative heat flux, e.g. for April, the mean between March
and April is computed. From August to November (during
SH winter/spring) the equivalent southern hemispheric two
month eddy heat flux proxy, here averaged from 45◦ S to
75◦ S, is included in the statistical model. The NH two month
mean eddy heat flux is used from December until May in the
tropics.
4 PSC volume proxy
The PSC volume is a suitable proxy for heterogenous chemi-
cal (i.e. polar) ozone loss (Solomon, 1999; Rex et al., 2004).
It has been calculated from NCEP reanalysis data set by
counting all grid points north of 60◦ N below the forma-
tion temperature of NAT (nitric acid trihydrate) and weight-
ing them with their volume. NAT formation temperatures
have been calculated according to Hanson and Mauersberger
(1988) as a function of nitric acid mixing ratio, water vapor
mixing ratio, and pressure. A constant water vapor profile of
5 ppm and a nitric acid profile (Kleinbo¨hl et al., 2003) of 5,
6, 7, 8, 10, 10, 7, and 5 ppb for atmospheric pressures of 200,
150, 100, 70, 50, 30, 20, and 10 hPa, respectively, have been
Fig. 4. Relationship between winter/spring ozone buildup (April–
October difference) at 50◦ N–60◦ N as a function of the accumu-
lated eddy heat flux h∗ (April) as given by Eq. (1). Monthly mean
zonal mean ozone are from SBUV V8. The effect of Pinatubo erup-
tion can be clearly seen in 1992/93. Blue years indicate GOME
values.
assumed. Monthly PSC volumes used in this study are inte-
grated from the preceding October to the respective month of
ozone observation. The proxy is set to zero for October and
November since PSC volumes are negligibly small during
these months. Stratospheric circulation is mainly zonal dur-
ing winter and air is continuously processed over the win-
ter months inside the polar vortex such that the ozone loss
accumulates over winter and spring. In addition, the level
of chlorine activation on PSC surfaces responsible for het-
erogenous chemical ozone loss depends also on the available
inorganic chlorine and the PSC volume must be multiplied
by the EESC. The modified polar ozone loss proxy is then
defined as follows
V ∗psc(m) =
∫ m
m′=m0 EESC(m
′) · Vpsc(m′) dm′∫ m
m′=m0 dm
′ . (2)
with mo being October. In the statistical regression either the
PSC volume or eddy heat flux terms have been included.
5 Other proxy data
The southern oscillation index (SOI) is obtained from the
Climate Prediction Center (CPC, http://www.cpc.ncep.noaa.
gov/data/indices/). Both QBO indices at 30 hPa and 10 hPa,
respectively, are from The Free University Berlin (FUB)
analysis (B. Naujokat, personal communication). Most of
earlier regression models use QBO harmonics to account
for time lags. We use QBO indices at 30 hPa and 10 hPa,
which are sufficient to adjust for both strength and phase
of QBO. It also avoids the necessity to search for an opti-
mum time lag for the fitting (Randel et al., 1995; Ziemke
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et al., 1997). The monthly stratospheric aerosol load-
ing as a response to volcanic eruptions are from NASA
Goddard Institute of Space Studies (http://www.giss.nasa.
gov/data/strataer/), and are monthly mean aerosol optical
depths at 550 nm (update from Sato et al., 1993). EESC
concentration were obtained from the European Environ-
ment Agency web site http://www.eea.eu.int. For solar flux
data we used the MgII index (ftp://ftp.ngdc.noaa.gov/STP/
SOLAR DATA/SOLAR UV/NOAAMgII dat), which is a
better proxy for UV solar flux variability than either
F10.7 cm flux or sunspot number data (Viereck et al., 2001,
2004). The MgII index has been smoothed with a boxcar
with five months full width in order to remove short term
solar variability.
6 Regression model for trend studies
The regression model used in this study is quite similar to
other regression models used in the past to study ozone trends
(SPARC, 1998; Shindell et al., 1999a; WMO, 1999; Randel
et al., 1999; Ziemke et al., 1997; Staehelin et al., 2001). It
has been constructed as follows
TOZ(n) =
12∑
m=1
α◦m · δmn +
12∑
m=1
αlinm · δmn · n
+
12∑
m=1
α
hf
m · δmn · h∗(n)
+
12∑
m=1
α
qbo30
m · δmn · qbo30(n)
+
12∑
m=1
α
qbo10
m · δmn · qbo10(n)
+αsol · sol(n) + αSOI · SOI(n)
+αaeroc · aeroc(n)
+
12∑
m=1
α
aerop
m · δmn · aerop(n)+ (n)
(3)
where TOZ(n) is the monthly mean total ozone of month n,
which is a running index from month zero to 299 covering
the period 1979 to 2003, α◦m are monthly constants for the
annual cycle (m=1,. . . ,12), αlinm are monthly linear trend co-
efficients, αhfm are eddy heat flux contribution coefficients,
α
psc
m , the heterogenous chemical loss coefficients (exclud-
ing October and November), αsol, coefficient for solar flux
variability, αqbo30m and αqbo10m , QBO coefficients at 30 and
10 hPa, respectively, αSOI, the El Nin˜o/ Southern Oscillation
coefficient, and αaeroc and αaeropm , two stratospheric aerosol
loading terms due to El Chicho´n and Pinatubo eruption, re-
spectively. δmn is one when index n corresponds to one of the
months of a given year and otherwise zero. (n) represents
the unexplained variance of the statistical model or, in short,
the residual.
There are twelve monthly constants in our regression
model and they account for the seasonal variation of ozone.
The monthly linear trend terms or, alternatively, the EESC
terms account for the contribution from gas phase chemi-
cal ozone loss (Zerefos et al., 1997). There are twelve eddy
heat flux, PSC volume, QBO, and Pinatubo aerosol fitting
parameters used in the regression model to separate the ef-
fects into individual months. The El Chicho´n stratospheric
aerosol contribution turned out to be comparatively small so
that a separation by individual months was not needed.
The linear trend term is traditionally associated with the
gas phase chemical ozone loss as expected from the steady
increase in stratospheric chlorine loading. As already dis-
cussed the EESC has started to decline after peaking in 1997,
so that a change from linear trend should be expected. We
used both EESC and linear terms to elucidate the significance
of the EESC in the total ozone time series. Linear trend terms
have been replaced by corresponding EESC terms in some
regression runs as follows:
12∑
m=1
αlinm · δmn · n −→
12∑
m=1
αEESCm · δmn · EESC(n). (4)
In some fits the eddy heat flux term has been replaced by the
accumulated PSC volume proxies as follows:
12∑
m=1
α
hf
m · δmn · h∗(n) −→
12∑
m=1
α
psc
m · δmn · V ∗(n) (5)
It was found that a simultaneous fit of eddy heat flux and PSC
volume did not improve the fit significantly, in particular af-
ter applying the auto-regression corrections as described be-
low. This is not unexpected since planetary wave driving,
polar stratospheric temperatures (Newman et al., 2001), and
chlorine activation (Weber et al., 2003) are linked. Implica-
tion of the exchange of these terms on the statistical fitting
are investigated in the following section.
After applying the regression, the residuals (n) show
non-negligible auto-correlation and this violates the assump-
tion in the least-squares fitting with random (Gaussian dis-
tributed) noise in the data. It is a common practice to apply
a Cochrane-Orcutt transformation to the regression equation
using an estimate of the auto-correlation with time lag of
one month (Cochrane and Orcutt, 1949; Tiao et al., 1990;
Weatherhead et al., 1998; Plets and Vynckier, 2000; Bodeker
et al., 1998; Reinsel et al., 2002). After fitting the trans-
formed model, the remaining residuals should be normally
distributed, otherwise this procedure has to be repeated as
just described. Even though most of the fitting coefficients
do not change much after the transformation, the parame-
ter error nevertheless increases and this is important with re-
gard to the judgment of statistical significance of individual
processes. The occurrence of auto-correlation in the resid-
uals may be due to either measurement errors, for instance
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time drift in observational data, due to uncertainties in the
explanatory variables particularly with regard to the cumu-
lative proxy data, or due to some missing processes which
are not accounted for in our model. Most likely it is a com-
bination of all three. In this study it sufficed to apply one
Cochrane-Orcutt transformation to Eq. (3) to obtain an im-
proved estimate of αs.
7 Results
Monthly mean zonal mean total ozone anomalies for the
50◦ N–60◦ N latitude band from TOMS/SBUV V8 merged,
WFDOAS GOME, and SBUV V8 data sets are shown in
Fig. 1. The regression model with linear trend terms has
been only applied to SBUV V8 data and the reconstruc-
tion of monthly total ozone anomalies (after subtraction of
the monthly constants) are shown in Fig. 5 for both 30◦ N–
40◦ N and 50◦ N–60◦ N bands. The ozone reconstruction
with EESC terms replacing the linear trend terms is shown
for the same latitude bands in Fig. 6. Both regression models
with either linear or EESC terms show about the same signif-
icance in the overall fitting. The issue of linear versus EESC
trend in the ozone reconstruction is discussed further down
below. In general, the correlation between modeled and ob-
served total ozone anomalies is in the range of 0.8 to 0.9.
General features like the observed downward trend until
the mid-nineties, significant ozone losses following Mount
Pinatubo eruption, and increase in ozone after the mid-
nineties are well captured in both ozone reconstructions.
The contributions from individual explanatory variables have
been added in Figs. 5 and 6 (top of each time series). Linear
(EESC) and eddy heat flux terms are only plotted for April
and September for better clarity.
The influence of the QBO on spring total ozone can be
clearly seen in the 30◦ N–40◦ N latitude band (up to 20 DU
from easterly phase to westerly phase and vice versa) while
at high latitudes it is somewhat smaller (about 10 DU). In the
tropics (below 10◦ N) the QBO influence is observed in all
months, while its effect is limited to winter spring at higher
latitudes. Linear terms (or EESC term) and eddy heat flux
contributions increase with latitude. Aerosol loading terms
associated with the Pinatubo eruption explain about a maxi-
mum decrease of 50–60 DU in the 50◦ N–60◦ N latitude band
and about 15–20 DU at 30◦ N–40◦ N during winter/spring
1991/92. Solar flux cycle explains up to 15 DU ozone vari-
ability from solar maximum to solar minimum. At higher
latitudes the eddy heat flux explains up to 20 DU increase
in ozone during dynamically active Arctic winters (e.g. mid-
eighties and end of nineties).
Typical residuals from the regression analysis of Eq. (3)
with linear trend terms at 30◦ N–40◦ N and 50◦ N–60◦ N are
shown in Fig. 7, respectively. In these figures both residu-
als with (red) and without auto-regressive adjustment (black)
are shown. Also indicated are the various satellite platforms
Fig. 5. Regression plots for the monthly mean total ozone anomaly
from SBUV V8 data set for the 30◦ N–40◦ N (bottom) and 50◦ N–
60◦ N (top) latitude bands. In the bottom of each plot the fit (orange)
along with the observational data (black) are shown. The ozone
anomalies for both observations and model were calculated by sub-
tracting the respective long-term mean for each month of the year
from the monthly total ozone time series. In the top of each plot
the contributions from individual explanatory variables are shown.
Contributions from linear trend term, eddy heat flux, and QBO are
only shown for April (violet) and September (blue), while others
are shown for all months.
of the SBUV instruments. There appear to be no jumps in
residuals after changes of instrument platforms confirming
the consistency of the data set as stated earlier. For all latitude
bands residuals do not show any significant auto-correlation
after one Cochrane-Orcutt transformation.
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Fig. 6. Same as Fig. 5, but model fits with EESC terms replacing
linear trend terms as indicated by Eq. (4).
Analyses have been performed for seven 10◦ wide lati-
tude bands from equator to 70◦ N. Figure 8 shows the ob-
served and modeled ozone anomalies for spring (April) and
late summer (September) months for all latitude bands from
10◦ N–20◦ N to 60◦ N–70◦ N in the NH. Ozone reconstruc-
tions displayed here are based upon regression with linear
trend terms. Also shown are GOME observations that partic-
ularly after 2002 show somewhat lower values than SBUV.
In general the linear decrease up to the mid-nineties and in-
crease in the total ozone since then are clearly captured by
the model for both months. As discussed earlier the Septem-
ber changes are closely coupled to changes in the previous
Fig. 7. Regression residuals in the 30◦ N–40◦ N (bottom) and
50◦ N–60◦ N (top) latitude bands. Black line marks the residu-
als from a regression without auto-regression correction (shifted
by +20 DU for better clarity). The orange line marks the resid-
ual of the transformed model, e.g. residuals of the time series
TOZ(n)−ρˆ·TOZ(n−1), where ρˆ is the auto-correlation coeffi-
cient with time lag of one month before the transformation. Also
indicated are the various satellite platforms for the SBUV instru-
ments from which the SBUV ozone time series was constructed.
winter (Fioletov and Shepherd, 2003, 2005). It can be also
noted that the modeled ozone anomaly agrees better with ob-
servations in the nineties and later than the earlier period.
A likely explanation is the fact that both observational data
as well as meteorological analyses from which most of the
proxies have been derived have improved in quality in recent
years (Uppala et al., 2006).
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Fig. 8. Observed SBUV V8 (black) and modelled (orange) to-
tal ozone anomalies for all NH latitude bands in April (left) and
September (right) based upon multi-variate regression (Eq. 3) with
linear trend and eddy heat flux terms. Similar results are achieved
when linear terms are replaced by EESC terms (Eq. 4). Also shown
are observations from GOME in blue (1995–2003).
The ozone variability due to the different proxy terms in
Eq. (3) is shown in Fig. 9 for all NH latitudes in April and
September, respectively. The 2σ variability has been calcu-
lated from the variance of the proxy time series multiplied
by the corresponding fitting coefficient (Steinbrecht et al.,
2003). The vertical bars for each explanatory variable ac-
count for the uncertainty in the fitting coefficients (alphas
in Eq. 3). The 2σ variabilities of the SBUV and modeled
ozone time series are also shown (black and orange bars
without vertical bars). In late spring, where usually the
highest inter-annual variability is observed (up to ±40 DU),
the model tends to underestimate the observed variability by
about 5 DU at high latitudes during spring as shown in Fig. 9.
This difference corresponds to a maximum of 15 DU unex-
plained 2σ variance (as verified by the 2σ value of the ob-
served residual time series). In late summer the overall vari-
ability is reduced and the contribution from various processes
are generally not statistically significant.
Fig. 9. Two-σ ozone variability of individual processes in April
(top) and September (bottom) from Eq. (3). Vertical bars indicate
error contribution from the uncertainty of fitting coefficients in the
regression equation. Black and orange bars are observations and
model results, respectively.
Highest contribution to ozone variability at low latitudes
are from QBO and solar variability (up to ±5 DU each).
QBO influences are observed at all latitudes during spring
while it is limited to lowest latitudes below 10◦ N during
summmer/fall in agreement with Baldwin et al. (2001) and
Steinbrecht et al. (2003). The solar cycle signature is ob-
served at all latitudes and seasons. Separating solar term
fitting into individual months (12 fitting constants) slightly
reduces the solar signal variability in summer/fall by about
2 DU (not shown here). Various earlier studies (Solomon
et al., 1996; Hood et al., 1997; Randel et al., 2002) sug-
gested that it is difficult to separate the effect of solar cycle
and volcanic eruption on the long-term ozone change. Both
major volcanic eruptions, El Chicho´n in 1982 and Pinatubo
in 1991, occurred during solar maximum conditions, in an
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Fig. 10. Contribution from selected explanatory variables when ei-
ther linear terms (orange) or EESC terms (black) are used in the
full regression model of Eq. (3). Overall statistical significance (R2
value) does not change significantly, but contribution from aerosol
term and solar flux term slightly differ.
easterly phase of QBO, and during a strong El-Nin˜o event.
Our analysis shows that the solar maximum of the present
solar cycle has experienced no major volcanic eruption. That
may improve the separability of stratospheric aerosol and so-
lar influences. The rise of solar cycle 23 until early 2000s has
positively contributed to the recent increase in total ozone in
the absence of another major volcanic eruption. Neverthe-
less a few more years of data particularly during declining
phase of the current solar cycle will be important to further
strengthen our point made here (Steinbrecht et al., 2004).
Eddy heat flux contribution is observed to be maximum
during winter months (up to ±30 DU) at higher latitudes.
This contribution is only significant beyond 50◦ N from Jan-
uary until May, but has non-negligible contribution at low
latitudes (see Fig. 9). Apart from the eddy heat flux the
largest variability is produced by the Pinatubo signal that re-
duced total ozone at high latitudes by about 60–70 DU during
winter/spring 1991/92. In agreement with earlier trend as-
sessments the volcanic aerosol contribution to stratospheric
ozone is maximum during winter/spring and minimum dur-
ing summer/fall (Bodeker et al., 2001, for instance). The ef-
fect from the El Chicho´n eruption is only very modest and
decreases did not exceed 10 DU for all latitudes after 1983.
As shown in Figs. 5 and 6, ozone reconstructions using ei-
ther linear trend or EESC terms (stratospheric chlorine load-
ing trends) work about equally well. However, the choice
of either terms may alter the impact from other processes.
In Fig. 10 the contributions from solar, eddy heat flux, and
Pinatubo aerosols are shown for both ozone reconstructions
in the 50◦ N–60◦ N latitude band. Using linear trend terms,
the solar and Pinatubo influence on ozone increases by about
4 DU (from solar minimum to maximum) and 10 DU (addi-
Fig. 11. Linear trends in DU/year for individual months using
SBUV V8 total ozone for various NH latitude bands during the pe-
riod 1979–2003 based upon the full regression model as described
by Eq. (3). Linear trends significant at 2σ level are observed at
higher latitudes during winter/spring months (green shadings). Yel-
low shadings correspond to significance exceeding 1σ .
tional decline in April 1993), respectively. Modification of
the eddy heat flux term is rather minor with respect to the
choice of linear or EESC terms. A significant change is,
however, observed in the linear part of the EESC trend un-
til December 1995 that amounts to about −16 DU/decade in
April (see Fig. 10). This is larger than the overall trend of
the linear proxy of −8 DU/decade for the entire period until
2003.
Figure 11 shows the long-term ozone decrease from the
linear trend assumed for the entire period up to 2003 for all
latitudes and months based upon the full regression model
as described by Eq. (3). The trends are statistically signif-
icant at the 2σ level only in winter and early spring above
35◦ N with a maximum of −10 DU/decade in February at
mid-latitudes. By replacing the linear trend terms in Eq. (3)
with the EESC terms in the full regression model (see Eq. 4)
leads to larger downward trends during the growth phase of
the stratospheric chlorine loading until 1995 with maximum
values of −15 to −18 DU/decade in February and March at
high latitudes as shown in Fig. 12. This translates into a −17
to −20 DU/ppb EESC change. The slope of the EESC curve
in the declining phase after 1999 corresponds to about one
third of the initial increasing rate (see Fig. 2), so that a re-
covery of up to 5 to 6 DU/decade at high latitudes in win-
ter/spring can be associated with the turnaround of the chlo-
rine loading.
In a second step, the eddy heat flux terms were replaced by
the PSC volume proxy (Eqs. 3, 4, and 5) and this has a signif-
icant effect on the EESC contribution by reducing the linear
trend up to 1995 by nearly half at higher latitudes during win-
ter/spring with a maximum declining trend of 10 DU/decade.
It practically removes the statistical significance of the EESC
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Fig. 12. Linear trends until end of 1995 in DU/year for individual
months using SBUV V8 total ozone for various NH latitude bands
from a fit using the same regression model as in Fig. 11, but EESC
terms replacing the linear trend terms (see Eq. 4). Linear trends up
to end of 1995 significant at 2σ level are indicated by green shad-
ings. Yellow shadings correspond to significance exceeding 1σ . A
decrease of 12 DU/decade until 1995 is equivalent to a 4 DU/decade
increase after the turnaround in EESC.
contribution (at 2σ level) as shown in Fig. 13. Similar to
Fig. 10, the effect on other terms from the exchange of PSC
volume and eddy heat flux is shown in Fig. 14. In gen-
eral only small changes in solar and aerosol components in
the 50◦ N–60◦ N band are found when PSC volume replaces
eddy heat flux terms. In Arctic winter 1999/2000 a drop of
about 30 DU can be associated to the polar ozone loss that
exceeds the effect from eddy heat flux by a factor of about
two. The PSC volume contribution is only significant during
winter/spring at latitudes higher than about 50◦ N similar to
the eddy heat flux. The mid-latitudes are influenced by po-
lar ozone loss most likely via airmass mixing after the polar
vortex break-up in early spring as discussed before (Knudsen
and Grooss, 2000; Fioletov and Shepherd, 2005). Comparing
the eddy heat flux and PSC volume contribution in Fig. 14,
it is evident that during the nineties minima in eddy heat flux
match minima in accumulated PSC volume, however, in the
mid-eighties this is not the case for a couple of winters.
The contribution of the EESC turnaround to the recent NH
ozone increase is fairly minor (up to 5–6 DU/decade in the
regression with eddy heat flux or about 3 DU/decade with
PSC volume during the last five years) compared to other
processes such as planetary wave driving (or PSC volume)
as well as solar flux variability that explain roughly a 30 DU
increase in the 50◦ N–60◦ N band during winter months as
shown in Fig. 10. When replacing eddy heat flux terms
with PSC volume representing polar chemical ozone loss
(Fig. 13), the EESC contribution standing for background
gas phase chemistry has an insignificant impact (at the 2σ
level) on the total ozone trend. In other words, the variabil-
ity in polar (here Arctic) ozone loss suffices to explain major
Fig. 13. The same as Fig. 12 except that in the full regression
model eddy heat flux terms were now replaced by PSC volume
proxies (Eq. 5). Yellow shadings corresponds to significance ex-
ceeding 1σ . Trends are statistically insignificant at 2σ . A decrease
of 9 DU/decade until 1995 is equivalent to a 3 DU/decade increase
after the turnaround in EESC.
Fig. 14. Contribution from selected explanatory variables when ei-
ther eddy heat flux (orange) or PSC volume proxy terms (black) are
used in the full regression model (Eq. 3) with EESC contribution
(Eq. 4) for the background gas phase chemistry. Little change is ob-
served in the solar and Pinatubo aerosol component of total ozone,
but EESC contribution is reduced at higher latitudes during winter
and spring.
parts of the observed turnaround in NH midlatitude and po-
lar ozone after decreases until early 1990s that experienced a
series of cold Arctic stratospheric winters (Pawson and Nau-
jokat, 1999). It is important to note that the polar ozone loss
is dynamically driven by temperature changes related to the
wave driving as discussed before. This also means that the
polar ozone loss proxy accounts in addition for dynamically
driven ozone variability related to ozone transport and syn-
optic meteorology (Hood and Soukharev, 2005; Wohltmann
et al., 2005).
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Fig. 15. Average winter eddy heat flux at 100 hPa (from October to
April) between 45◦ N and 75◦ N from various meteorological anal-
ysis: ERA-40 reanalysis (Simmons and Gibson, 2000), NCEP re-
analysis (Kalnay et al., 1996), and UKMO (METO) data sets (Swin-
bank and O’Neill, 1994). Differences between analyses are due to
different model resolution and different parameterization schemes.
All analyses show an increase in winter eddy heat flux since mid-
nineties.
The polar ozone loss proxy (cumulative PSC volume) is
mainly associated with the nonlinear chemical effect that ex-
plains the rapid depletion during winter and spring, while
the EESC (or linear trend) proxy stands for the (slower)
background gas phase chemistry affecting long term changes
in ozone. Both processes are not completely separable as
suggested from our analysis, since both proxies contain the
EESC function. But this separation is still valuable for ap-
proximating the various chemical causes of observed ozone
variability.
In the linear trend model from Eq. (3), so-called change
of trend terms (beginning in January 1996) have been in-
cluded as proposed by Reinsel et al. (2005). In our study
the change of trend terms were statistically insiginificant at
1σ (not shown here), most likely due to the too short period
after 1995.
The observed increase in eddy heat flux in recent winters
strengthened ozone transport from lower to higher latitudes
and increased Arctic stratospheric temperatures (Fusco and
Salby, 1999; Newman et al., 2001; Weber et al., 2003). This
is in line with observations of smaller PSC volumes in re-
cent years (Manney et al., 2005) albeit reducing the polar
ozone loss contribution. A positive trend in the eddy heat
flux is observed in all recent reanalysis data sets as shown
in Fig. 15. Even though there are significant differences in
assimilation schemes for ERA-40, NCEP and UKMO, all
three analyses confirm the recent increase. This indicates that
there are changes in the strength of the Brewer-Dobson cir-
culation and associated with it changes in polar and tropical
lower stratospheric temperatures. Increases in lower strato-
spheric temperatures over the NH polar region and decrease
Fig. 16. December to February (DJF) temperature anomalies from
NCEP reanalysis dataset over the Arctic (70◦ N–90◦ N) and the
tropics (15◦ S–15◦ N) at 50 hPa. Decrease in lower stratospheric
temperatures over tropics and increase in polar stratospheric tem-
perature since 1997 (except for 2000) is clearly observed. Same
features are observed in ERA-40 and UKMO(METO) datasets.
MSU channel 4 dataset, which samples the atmosphere between
16–20 km, shows a similar signature.
over tropical regions during winter months (DJF) are the ex-
pected responses from the circulation changes as shown in
Fig. 16 (Yulaeva et al., 1994; Newman et al., 2001).
8 Conclusions
In this study total ozone data from SBUV and other satel-
lite data is used to investigate the cause of recent increases
in NH total ozone. Several new proxies such as the cumu-
lative eddy heat flux, cumulative PSC volume, and EESC
have been added in a multivariate linear regression model as
explanatory variables standing for chemical and dynamical
processes that are known to contribute to inter-annual ozone
variability. The effects of various dynamical and chemical
processes have been systematically included and analyzed.
Important conclusions are:
1. One of the key findings is that recent increases in the NH
total ozone are mainly related to increases in eddy heat
flux (or reduced polar ozone loss after a series of cold
Arctic winters in the mid-nineties (Pawson and Nau-
jokat, 1999)) and, to a lesser extent, increased solar ac-
tivity. The series of cold Arctic winters with extended
PSC volumes at the peak of the stratospheric chlorine
loading in combination with the strong Pinatubo vol-
canic event contributed to the pronounced minimum in
total ozone anomalies during the mid-nineties at mid-
dle to high northern latitudes. This made the recent
increase in total ozone appear to be rather rapid. At
high northern latitudes (above 50◦ N) the contribution
to the recent increase is about +10 DU from solar cycle
(all seasons) and a maximum of +50 DU and +20 DU
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from stratospheric aerosols and planetary wave driving,
respectively, during winter/spring. Replacing the eddy
heat flux terms by the PSC volume proxies, the contri-
bution is +30 DU due to reduced polar ozone loss. The
linear downward trend for the entire period until end
of 2003 has dropped to a maximum of −10 DU/decade
during winter/spring that is about half of the downward
trend of −16 DU/decade until end of 1995 as derived
from fitting EESC terms in the regression model.
2. Most of earlier studies have pointed out the difficul-
ties in finding out the exact influence of stratospheric
aerosol loading and solar variability on ozone. The re-
cent solar cycle 23 experienced no major volcanic erup-
tion and, therefore, solar term and aerosol loading sig-
natures are better separable in the regression.
3. When the linear trend term is replaced by the EESC
term, overall statistical significance of the regression
model does not change. Both the linear trend and the
EESC terms are commonly associated with gas phase
chemistry involving halogens. The relative contribution
of the eddy heat flux (or polar ozone loss) and the so-
lar term are slightly reduced and a modest decrease in
aerosol contribution is found with the EESC model. The
turnaround in the EESC after peaking in 1997 only con-
tributed in a minor way to the recent increases in NH
total ozone with a maximum of 5–6 DU/decade during
winter/spring at high latitudes.
4. The recent increase in middle to high latitude NH ozone
since the mid-nineties led in a recent study to the con-
clusion that this may be a result of the recent decline
in EESC (Reinsel et al., 2005). They analyzed total
ozone data from SBUV data as used here and identi-
fied a positive and significant change in NH trends af-
ter 1996 with and without contribution from dynamical
variables included in their statistical model. We find that
dynamical factors and, associated with them, variations
in chemical processes such as polar ozone loss are be-
lieved to have contributed to the recent ozone increase
in NH in combination with rising solar activity during
solar cycle 23. Similar conclusions have been reported
from a model study that identified dynamical processes
as the main cause for the recent ozone increase in the
NH (Hadjinicolaou et al., 2005).
5. Changes in the strength of the residual circulation are
observed in recent years. Using ERA-40, NCEP, and
UKMO reanalysis data sets, it has been found that there
has been an increase in the eddy heat flux at 100 hPa
in recent years (Fig. 15). This is reflected in the lower
stratospheric temperature over the NH polar cap region
which has been increasing in recent years and is accom-
panied by a cooling of the tropical lower stratosphere
(except for year 2000) as shown in Fig. 16. It is con-
sistent with our understanding of temperature response
to wave driving (Yulaeva et al., 1994; Newman et al.,
2001). Most climate model results indicated that in
a future changing climate global warming will lead to
stratospheric cooling that will have a negative impact
on the expected ozone recovery (Shindell et al., 1999b).
However, some climate model runs indicate that NH
planetary wave driving may increase as a result of cli-
mate change (Butchart and Scaife, 2001; Schnadt et al.,
2002). It remains to be seen if the recent increase in
planetary wave driving (and less polar ozone loss) that
was responsible for the recent NH total ozone increase
is just part of a natural decadal variability or will persist.
If the latter is the case, we may then expect an acceler-
ated ozone recovery due to possible climate change.
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